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TITANIUM ANODES IN
CATHODIC PROTECTION

1 INTRODUCTION
Background

Cathodic protection has been used by the US.
Army Corps of Engineers (CE) on metallic structures
to extend the effective life of paint coating by reducing
undercutting and to provide supplemental protection
to defects in the paint lilm on immersed surfaces. The
paint film, which is a hydraulic structure’s primary
P tection against corrosion, is never perfect; defects
and holidays are always present in hard-to-paint areas
such as edges, rivet heads, and weld beads. In addition,
paint film is scratched by debris carried by the river
and barge traffic in the waterways; the exposed steel
then corrodes until it is repainted or repaired.

The first CE cathodic protection systems were intro-
duced in the 1950s and were experimental. Cathodic
protection is now used on all the new lock gates on the
Tennessee-Tombigbee Waterway. Some of the older
lock gates on the Columbia River are being retrofitted
with an impressed current cathodic protection system;
in addition. designs for new locks on the Red River
(Arkansas) include sacrificial cathodic protection
systems.

The use of platinized titanium and niobium as an
anode material was first attempted in 1958 in commer-
cial installations in England. The usefulness of platinum
as an inert electrode material for many other electro-
lytic processes is well known. In cathodic protection,
the useful properties of platinum are exploited, but its
volume and cost are minimized by using titanium as a
substrate. Electrically conducting ceramics, such as
ferrites (i.e., Fe;0, and NiFe,0,) may be used in the
future in place of platinum coatings on anodes, thereby
reducing their cost. Titanium, niobium, tantalum, and
other metals exhibit active-passive anodic behavior.
These materials are commonly called valve metals.
Titanjum has exceptional resistance to most aqueous
corroding media because it forms an inert oxide film
during anodic polarization. However, because of this
oxide film, titanium will not readily pass current
when used as an anode in water. A deposition of an
extremely thin layer (.0005-in. [.013-mm]) of plati-
num on a surface will allow current to flow from the
substrate through the platinized area and into the
water. If the platinum surface is scratched, the anode
stops passing current from the scratched area. This

occurs because the protective oxide film which forms
on the surface of titanium breaks down at voltages of
about 60 V in fresh water with low chloride content.

The limitations of titanium have not been clearly
identified and the mechanisms for breakdown are not
fully understood. Before new Corps applications for
platinized titanium anodes are developed, the electri-
cal potential limits of the anodes in specific environ-
ments must be evaluated.

Objective

The objective of this investigation is to delermine
the pitting and breakdown potential of commercial
titanjum substrates for cathodic protection anodes in
chloridecontaining aqueous solutions. The characteri-
zation of pitting behavior will determine the suitability
of using platinum- or ceramiccoated titanium anodes
in cathodic protection of hydraulic structures. (Guid-
ance in the installation and the use of platinized tita-
nium anodes will be presented in a future report.)

Approach

For this investigation, CERL reviewed the state of
the art of platinum- or ceramic-coated titanium anodes.
Next, potentiodynamic tests were run to determine the
pittings and breakdown voltages of titanium anode sub-
strates in distilled and tap water in which the concen-
tration of sodium chloride (NaCl) was varied from
0.005 percent to 3.5 percent. Finally, CERL analyzed
the significance of the results to determine the suit-
ability of using titanium anodes for cathodic protection
of hydraulic structures.

Mode of Technology Transfer

This study will impact the proposed CE guide
specifications for cathodic protection of hydraulic
structures.

2 LITERATURE SURVEY
Corps of Engineers Cathodic Protection

The following discussion summarizes some of the
cathodic protection techniques commonly used on
Corps structures. The Corps’ impressed current cathod-
ic protection systems use graphite and highssilicon,
chromium-bearing, cast-iron (HSCBCI) anodes. The
graphite anodes have deficiencies. They are brittle and
cannot withstand the mechanical damage caused by ice
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and debris. In addition, they contain an organic binder
* material which, in aerated waters, especially near the
water surface, is attacked by the oxygen liberated at
the anode; as a result, the anodes eventually become
porous and soft. Therefore, the use of graphite slab
anodes is not recommended because they cannot be
replaced without dewatering the lock. However, the
New Orleans District has successfully used rod-type,
sausage anodes of graphite in protected split pipes;
these anodes can be repaired without dewatering by
splicing with new anodes.

HSCBCI anodes are available in many sizes and
shapes. One shape which has becn developed for the
Corps of Engineers is a 6-in. (152.4-mm)-diameter
button anode (see Figure 1). The body of the anode
provides the electrical connection; the anchoring bolt
is electrically isolated from the body of the anode
during installation. When the locks on the Tennessee-
Tombigbee Waterway were constructed, it was dis-
covered that installing button anodes is a rather tedious
process; also, many problems (such as providing electri-

High Silicon C.I Anode

Flanged Nyion Sieeve

cal isolation of the anode from the gate and mounting
and the anode) were encountered. Once installed,
faulty button anodes on lock gates cannot be replaced
without dewatering the lock.

However, the HSCBCI 6-in. (15.24-mm)-diameter
button anodes, if properly installed, have performed
extremely well on the skin side of miter gates; a grid of
button anodes every 10 to 15 ft (3 to 4.5 m) provides
adequate protection. One button anode is required in
each compartment to prevent electrical shielding and
to provide complete coverage. These compartments are
enclosed on three sides and open on one side. Since the
compartments are coated, cathodic protection current
will spill over and protect the structure on the open
side.

The cost of the cathodic protection system can be
reduced somewhat by using sausage-type anodes made
of HSCBCI in the compartments of the miter gate. In
most cases, plastic-lined, steel split pipes will protect
these anodes from mechanical damage caused by de-

SECTION

Fir e 1. Silicon - 1button anode design.




bris. However, severe ice and debris has damaged cables,
pipes, and anodes on the Ohio River lock gates. A
tough, durable anode material which can be mounted
on the lock gate and protected from ice and debris
would be a great improvement, but so far a satisfactory
solution has not been found.

Platinized Anodes
History

Baboian’ has reviewed the historical development of
platinized anodes. The first platinized anode, developed
in 1901, was made of a “cheap” metal like lead and
clad with platinum. Later. copper, silver, and other
substrate materials were used. Thick platinum coatings
that were free of pinholes had to be used on the anodes
to prevent contact of the substrate with corrosive envi-
ronments; thus their usc was severely limited because
of the cost of platinum.

In 1913, platinized anodes with ‘“valve metal” sub-
strates such as titanium, niobium, and tantalum were
introduced. A stable oxide film that forms on the valve
metals prevents the flow of corrosion current from
anode regions where the platinum coating is not con-
tinuous. Today lead-platinum bielectrodes, platinized-
titanium, platinized-niobium, and platinized-tantalum
are used a precious metal anodes. Breakdown voltages
of tantalum and niobium exceed 120 V, while titanium
can be used at voltages of up to 6 to 12 V in saltwater.?
The passivating behavior of substrate materials is dis-
cussed in detail on p 10.

Coatings

Both substrate and coating behavior affect the per-
formance of platinized anodes. Factors such as plati-
num surface structure and electrochemical parameters
such as potential and a.c. ripple, current density, IR
drop, and solution parameters have been associated
with the corrosion rate of platinum coatings. Develop-
ment of clad platinum coatings about 5 um thick
which are continuous and nonporous has improved the

'R. Baboian. “Performance of Platinum Anodes in fm-
pressed Current Cathodic Protection,”” Proceedings of the
Fourth [nternational Congress on Marine Corrosion and Foul-
ing (Junc 1976, Antibes, France). pp 51-56.

: A 3, W. Dreyman, “Precious Metal Anodes: State-of-the-
At Materials Protection and Performance, Vol I, No, 9
(September 1972), pp 17-20; R, Baboian, “Platinum Con-
sumption in Cathodic Protection Anodes,” Materials Perfor-
mance, Vol 16, No, 3 (March 1977), pp 20-22.

9

performance of platinized anodes. The recently devel-
oped coatings thin unifurmly and exhibit good electro-
chemical properties.’

Investigation of electrochemistry of platinum in
aqueous environments has shown that the most impor-
tant reaction in seawater is:*

201 =Cly+2e” (Eq 1]
Other reactions involving formation of hypochlorous
and hydrochloric acid have also been observed in sea-
water. In dilute saltwater, where chloride availability is
limited, hydrolysis of water was observed at the plati-
nuin electrode according to the following reaction: *
20,0 O, 44HY +4¢” |Eq 2}
Oxidation of hydroxyl groups to form oxygen was
noted in alkaline seawater. Film formation occurred
on platinum surfaces in solutions containing NaCl, and
this appeared to affect the performance of platinized
anodes. The current density obtained with platinized
anodes is initially high and decreases with time under
constant current conditions in chioride-containing
environments.®

The predominant mechanisms of platinum consump-
tion are uniform thinning and localized degradation.
Uniform thinning of the platinum has been attributed
to dissolution of the films formed on the platinum sur-
faces. The thinning rate increases rapidly as current
density increases and temperature decreases and when
oxygen evolution becomes the primary anodic reac-
tion. Superimposed a.c. ripple can also adversely affect
platinum’s  dissolution rate. Platinum dissolution is
aggravated as the 1,  * ripple exceeds 70 percent of

3M. A. Warne and P. C. S. Haywood. “Platinized Titanium
Anodes for Use in Cathodic Protection,” Materials Perfor-
mance, Vol 15, No. 3 (March 1976). pp 39-42: M. A. Warne,
“Precious Metal Anodes  The Options for Cathodic Protee-
tion,” Paper No. 142, 1978 Corrosion Conference, Houston,
TX (March 1974).

4R, Baboian, “Perloimance of Platinum Anodex m Im.
pressed  Current Cathodic Protection,”  Proceedings of the
Fourth International Congress on Marine Corrosion and Foul.
ing (June 1976, Antibes, France), pp S1-56.

ST, Fugii, T. Kodama, H. Baba, and S. Kitahara, “Anodic
Behavior of Ferrite Coated Titanium Electrodes,” Boshoku
Gijutsu, Series 29 (1980), pp 180-184.

6R. Baboian, “Performance of Platinum Anodes in Im-
pressed Current Cathodic Protection.™

*Root mean squarce,




the direct current lowing from the anode. Localized
degradation has been observed to depend on properties
of the substrate material and the degradation rate of
platinum. Platinum coatings applied by vapor deposi-
tion, sputtering, and roll bonding are better than those
applied by electrodeposition, which chip and spall.”

Platinum coatings alloyed with noble metals such
as rthodium, ruthenium, and palladium did not exhibit
substantially improved durability. However, recently
developed conducting oxide coatings for electrolytes
may provide a new generation of anodes.® These
anodes appear to exhibit good electrochemical proper-
ties and may be more cost-effective than platinum.

Substrate Materials
Valve Mctals

Many materials exhibit active, passive, and trans-
passive anodic behavior. Figure 2 shows typical poten-
tiodynamic scans of titanium with some regions of
interest labeled. Corrosion current increases with in-
creasing potential (vs. reference) from the corrosion
potential (E corr.) to the primary passivation potential
(Ep). Primary passivation of titanium occurs at low
anodic potentials and is associated with low currents.
This peak is not visible in Figure 2. At Ep, a passivating
film begins to form on the sample and the current de-
creases, with increasing voltage reaching a relatively
constant value. However, as voltage increases, the passi-
vating film eventually breaks down at the breakdown
voltage (Egp) at a current of Igp. Pits form and rapid
corrosion of the specimen occurs, as shown by an
increased corrosion current. If the scan direction is
reversed, a hysteresis effect is observed, as repassivation
of the sample. commonly called the pitting potential
(Ep). occurs at a lower voltage (at current Iy) than the
breakdown voltage initially observed.

This behavior shows that at voltages between Egp
and Eg, one of two distinct corrosion currents may be
observed, depending on the condition of the speci-
men’s surface. In this voltage range, a sample will
corrode rapidly if a pit already exists, but will not
corrode much if the surface film is continuous. This is
of practical importance because it establishes Ey as the
maximum voltage (vs. reference) which will prevent
rapid corrosion, regardless of surface condition.

"R. Baboian., “Performance of Platinum Anodes in Im-
pressed Current Cathodic Protection™; Warne and Haywood.

Bwarne; Fugii et al.

10

The uses and limitations of platinized anodes de-
pend on the properties ol substrate materials. The
technically important “valve metals™ cxhibit passive
behavior, but sufter pitting attack in chloride solutions.
Palit and Elayaperumal® noted that pitting resistance
of some pure valve metals decreases in the following
order: Ta>Nb>Ti>Cr>Zr>Al. Tantalum and niobium
(columbium) were stable over a large range of environ-
ments, while zirconium and chromium required sufti-
cient water for passivity and titanium required both
water and oxygen. In the absence of sufficient water '
all the passive metals were prone to pitting in chloride
solutions.

Rabboh and Boden have investigated the pitting of
pure titanium, zirconium, and tantalum in halide envi-
ronments. Halides were particularly aggressive to passi-
vating films on these metals; however, the mechanisn
of film breakdown is not fully understood. Adsorption
of halides appeared to be associated with film break-
down on titanium and tantalum, and it was found that
detrimental effects increased trom chloride to bromide
to iodide ijons. Tantalum films could not be broken
down in chloride solutions in the laboratory. The
breakdown voltage of zirconium decreased from iodide
to bromide to chloride (reversed dependence on halide
ion); however, there was evidence of mechanical crack-
ing of the film which appeared to be associated with
breakdown. A common electrochemical mechanism
involving halide adsorption on the films of titanium,
zirconium, and tantalum was proposed to account for
this phenomenon; the mechanical cracking of films on
zirconium appeared to be associated with these anoma-
lous results.!!

The three types of substrates most often used for
platinized anodes — titanium, niobium, and tantalum -
are best suited for impressed current cathodic protec-
tion anodes. Tantalum and niobium exhibit excellent
physical, electrical, and electrochemical properties.
Niobium anodes may be operated at voitages as high as
40 to 50 V., and tantalum may be used at up to 200 V
in saltwater; the resistivities of tantalum and niobium

9G. C. Palit and K. Elayaperumal, “Passivity and Pitting ot
Corrosion Resistant Pure Metats Ta, Nb, Ti, Ze, Cr, and Al in
Chloride Solutions.” Corrusion Science, Vol 18 (1978), pp
169~179.

190415t and Elayaperumal.

VM. 15, A. Rabboh and P. J. Buden, “The Breakdown of
Passivity on Titanium, Zirconium, and Tantalum in Halide
Media,” Proceedings of the International Confercnce on Local-

ized Corrosion (6-~10 Dccember 1971, Williamsburg, VA,
NACE-3), pp 653-660.
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are only one-third that of titanium. Titanium may be
used at up to 9 to 10 V in saltwater. However, niobium
can cost 18 times more than titanium, while tantalum
can cost 30 times more.'? Therefore, tantalum and nio-
bium are used only in aggressive environments requiring
excellent corrosion resistance.

Platinized niobium anodes have been used as piati-
nized anodes for seawater environments (high current
loading), heat exchangers (operation at high voltages),
wet deep wells, and soil burial. They exhibit stability
and high current carrying capability, and they are

lightweight."
Titanium Substrates

One of titanium's unique properties is its high
strength-to-weight ratio, which makes it useful under
demanding conditions. Commercially pure titanium has
tensile strength of 60.000 to 95.000 psi, elongation of
25 10 28 percent, fatigue limit of 40,000 to 60,000 psi.
density of 0.163 Ib/cu in. (4.51 g/em®) and resistivity
of about 50 micro ohm-cm at room temperature. Com-
mercially pure titanium has lower strength, higher cor-
rosion resistance, and is less expensive than titanium
alloys. The pure metal is used in applications where
strength is not the main requirement. Titanium is avail-
able in a variety of forms, and several welding tech-
niques may be used for joining it.'*

Because of their high tensile strength, high strength-
to-weight ratio, passivating behavior, availability in
different forms. and relatively low cost,'s platinized
titanium anodes have been successfully used to protect
many types of structures, including: docks and off-
shore structures, ship hulls, heat exchangers. cooling
water lines, water towers, treatment equipment, sewage
treatment plants. sea grounding cells, deep anode beds,
and food industry equipment.

2p W Dreyman, “Precious Metal Anodes: State-of-the-
Art,”" Materials Protection and Performance, Vol 11, No. 9
(September 1972), pp 17-20.

3R, Baboian, “New Developments in Platinum  Type
Anades,” Materials Performance, Vol 18, No. 1 (January
1978), pp 9-15.

19R. Baboian, “Performance of Platinum Anodes in Im-
pressed Current Cathodic Protection,” Proceedings of the
Fourth International Congress on Marine Corrosion and Foul-
ing (Junc 1976, Antibes, France), pp 51-56; R. A. Wood and
R. J. Vavor, Titanium Alloys Handbook, MCI1C-HR-02 (Air
Force Materials Laboratory, Wright-Patterson Air Force Base,
December 1972).

']
¥ Dreyman.

However, titanium suffers from tocalized crevicing,
pitting, and filiform corrosion under various corrosive
conditions.'® Once begun, localized attack is severe and
can extensively damage the anode, even in a short time.
After a short time, loss of substrate may undercut the
platinum coatings, and even if the localized corrosion
ceases, the platinum surface area may be greatly re-
duced. Extensive pitting can result in loss of the physi-
cal integrity of the anode, or in severe cases, loss of an
anode. Therefore, environments favorable to localized
attack of titanium and design cathodic protection sys-
tems must be identified. However, localized attack
appears to be unpredictable and erratic, even under
controlled testing conditions, and its mechanisms are
not fully understood. Safe limits for anodic potentials
of 9 to 10 V in saltwater are generally reported, but
pitting potentials of “pure” (the chemical composition
was not reported) titanium as low as 2 V in water con-
taining 5 percent NaCl have been reported.!’

Cotton,'® Beck.'” and Gleekman?® have reviewed
the history of localized attack of titanjum. The primary
reported forms of titanium anode failure are crevicing
and pitting in corrosive media. The possibility of cata-
strophic failure as a result of localized corrosion was
realized after several titanium anodes located in aggres-
sive environments failed. This possibility was partially
due to the uncommon environments and unpredictable
and erratic failures.

Dielectric breakdown of films on titanium is pos-
sible at high voltages (above 80 V), but this type of
breakdown is usually associated with sparking and does
not result from an electrochemical process. There is

161, 8. Cotton, “A Perspective View ot Localized Corrosion
of Titanium,” Proceedings of the International Conference on
Localized Corrosion (6-10 December 1971, Williamsburg, VA,
NACE-3), pp 676-679.

V7R, Baboian, *Platinum Consumption in Cathodic Protec-
tion Anodes™; M. A. Warne and P. (. S. Haywood, “Platinized
Titaninm Anodes tor Use in Cathods  Protection,” Materials
Performance, Vol 18, No. 3 (March 1976), pp 39-42,

8], 8. Cotton, “A Perspective View ot Localized Corrosion
of Titanium,” Proceedings of the International Conference on
Localized Corrosion (6-10 December 1971, Williamsburg, VA,
NACF-3), pp 676-679.

9T, R. Beck, A Review: Pitting Attack of Titanium Al-
loys,” Proceedings of the International Conference on Local-
ized Corrosion (6-10 December 1971, Williamsburg, VA,
NACE-3), pp 644-651.

201 W. Gleckman, “Histonical Industrial Developments
with Crevice Corrosion of Titanium,” Proceedings of the Inter.
national Conference on Localized Corrosion (6-10 December
1971, Williamsburg, VA, NACE-3), pp 669-675.




usually a clear distinction between pitting and crevice
corrosion of titanium. Crevicing may occur at low
voltages. Pitting of a sample at a high anodic voltage
will cease if the voltage is lower than the repassivation
potential (Eg). Current density in a pit usually exceeds
1A/cm?, while the current density in a crevice is low.
Pitting has only been observed in halide solutions and
has been reported to produce Ti** ions, while crevice
corrosion has been observed in both halide salt and
sulfate solutions and appears to produce Ti** ions.
Finally, crevicing occurs predominantly at high tem-
peratures, while pitting can occur at room temperature
or below. However, the solutions in both pits and
crevices are acidic with respect to the bulk solution.?'
It is generally agreed that the film formed on titanium
during anodic polarization is an oxide film of titanium.
Formation of both amorphous oxide films and non-
stoichiometric forms of TiO, have been reported under
different conditions.?

Crevice Corrosion of Titanium
in Corrosive nvironments

Crevice corrosion of titanium is very unpredictable
and can lead to catastrophic failure. It is severe in
dry chlorine environments and has been observed in
wet chlorine gas at 200°F.%* Cerquetti, Mazza, and
Vigano?* investigated the role of the passive film in the
crevicing process. Localized attack due to crevicing was
found to involve nucleation and growth of a crevice.
They suggested that ionic conductivity of films is the
major rate-controlling factor for nucleation of crevice
corrosion processes, while electronic conductivity of
the films is the rate-controlling process for crevice
growth. Crevice corrosion may be inhibited by alloy-
ing titanium with 0.2 percent palladium or 2 percent
nickel.** Recently, titanium and other metals have

21T, R. Beck. “A Review: Pitting Attack of Titanium Al-
loys.”

g w. Dreyman, *“Precious Metal Anodes: State-of-the-
A1, Materials Protection and Performance, Vol Ii, No. 9
(September 1972), pp 17-20: A. Cerquetti, . Mazza, and
M. Vigano, “Crevice Corrosion of Titanium in Contact with
PTIE and Properties of the Surface Oxide Films,” Proceed-
ings of the International Conference on Localized Corrosion
(6-100 December 1971, Williamsburg, VA, NACE-3), pp 661-
608.

2. W, Gleckman.
24 A, Cerquetti ot al.
Bp. Cerquetti et al.

been surface alloyed to improve their corrosion resis-
tance properties.®

Cotton®? has summarized some observations on the
crevicing behavior of titanium:

1. Commercially pure titanium did not suffer from
crevice corrosion in neutral seawater at temperatures
up to 130°C.

2. Lowering the water’s pH had little effect until it
reached 3; at temperatures of 130°C, there was evi-
dence of attack. Conversely, increasing the pH im-
proved crevicing resistance; no crevicing was observed
at a pH of 9 at 150°C.

3. Increasing the chloride concentration from 3 to
6 percent had little effect on crevicing behavior.

4. The presence of metallic iron in the crevice was
detrimental to corrosion resistance.

5. Titanium 0.15 percent palladium exhibited
crevice attack resistance up to temperatures of 170°C.
Lowering the pH to 3 was deleterious.

6. Application of a passivation potential of 2 V pre-
vented crevice corrosion at temperatures as high as
170°C.

7. Hydrides were present in metal surfaces suffering
crevice attack.

Pitting of Titanium in Corrosive Environments

Beck?® has reviewed pitting attack on titanium and
its alloys. The potentials that initiate pitting are not-
ably higher than those below which cessation of pitting
occurs (pitting potential). Values for pitting potentials

N, D. Tomashow, G. P. Chernova, and T. A. Fedoseeva,
“Cathodic Alloying of the Surface of Titanium, Chromium,
and Stainless Steel as 2 Method of Increasing Their Passivation
and Corrosion Resistance,” Corrosion - NACE, Vol 36, No. ¢4
(April 1980), pp 201-207.

27y 8. Cotton, “A Perspective View of Localized Corrosion
of Titanium,” Procecdings of the International Conference on
Localized Corrosion (6-10 December 1971, Willinmsbure, VA,
NACE-3), pp 676-679.

W R, Beck, "A Review: Pittine Attack ol Tianinm Al
toys.”™ Procecdings of the International Conference on Local-
ized Corrosion (6-10 December 1971, Williamsbutg, VA,
NACE-3), pp 644-653.

13




of commercially pure titanium are generally about 9.0,
0.9, and 1.8 V in chloride, bromide, and iodide solu-
tions, respectively. Although pitting and crevicing are
distinct phenomena, the presence of crevices severely
reduces the pitting potential of titanium.?®

Temperature has a pronounced effect on the pitting
potential of titanium in halide solutions. Cotton noted
that in 1M NaCl solution, the pitting potential drops
nearly linearly from about 9.2 V at 20°C to 7 V at
$5°C. Solution agitation improved pitting behavior at
high velocities for circulation rates of about 5000 rpm.
Pitting current densities ranging from 1 to 23 A/cm?
have been observed during corrosion of titanium.

Pitting of titanium has been associated with dissolu-
tion of titanium to form Ti* ions. Corrosive environ-
ments in a pit are very different from those on the bulk
of a specimen. The pH of solutions with a pit growing
in neutral environments has been reported® to be
lower than 1.3;in fact, pitting potentials exhibit limited
dependence on pH except in very basic environments.
The potential inside a pit does not equal the applied
volt.ge; the voltage within a growing pit moves in a
negative direction with respect to the nonpitted area
surrounding it. Different models have been proposed
to explain pit nucleation and growth.®' The pitting
of titanium is complicated and does not fit a simple
model. A mechanism involving tormation of a salt film
on the metal surface and reactions involving the elec-
trolyte diffusion layer has been proposed to explain
the pitting of titanium qualitatively.® Cotton has
noted that electrolytic reactions occurring at high im-
pressed voltages are different from those encountered
in natural environments. In naturai environments, the
dissolution reaction of titanium may involve the forma-
tion of a Ti®* solvated stage and subsequent formation
of oxides or oxyhalides; however, at high impressed
voltages. titanium may react directly to form Ti0,.»

PCotton.

3oliecl(. A Review: Pitting Attack of Titanium Alloys.”
3eotton: Beck. A Review: Pitting Attack of Titanium
Altoys™: Beck, “Pitting of Titanium I, Titanium-Foil Experi-
ments,” J. Electrochem Society: Electrochemical Science and
Technology. Vol 120, Nu. 10 (October 1973), pp 1310-1316:
Beck, “Pitting of Titunium [, One-Dimensional Pit Experi-
ments,” J. Electrochem Society: Electrochemical Science and
Technology, Vol 120, No. 10 (October 1973), pp 1317-1324.

32geck, “Pitting of Titanium I, Titanium-koil Experiments™;
Beck, *“Pitting of Titanium 11, One-Dimensional Pit Experi-
ments.”

3Bcotton.
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Methods to increase the pitting resistance of tita-
nium have been investigated.>* One technique involves
adding 0.15 percent palladium, which shifts the anodic
potential of a pit or crevice into the passive region.
However, this technique can increase the corrosion
rate under certain conditions.’ Organic compounds
that inhibit titanium corrosion in sulfuric acid and
that form permanent complexes with the titanium have
been developed.®

Application of Titanium for Platinized Anodes

It is obvicus from the preceding discussion that pre-
dicting the behavior of platinized titanium anodes
based on prior research is difficult, at best. Therefore,
before developing new applications for platinized tita-
nium anodes, the electrical potential limits of the
anodes must first be evaluated in the environment of
interest.

Anode Evaluation

Electrochemical techniques such as anodic polariza-
tion, polarization resistance, corrosion current. field
potential, and metal conductance are useful for study-
ing the corrosive behavior of materials in aqueous
environments, The following list gives some of the
advantages of these electrochemical techniques noted
by Walker and Rowe:??

1. Considerable corrosion information can be ob-
tained quickly.

2. Corrosion rates can be measured instantaneously
without disturbing the metal.

3. Very low corrosion rates can be measured.

4. Many environmental conditions can be investi-
gated during a single test.

S. Reproducibility of results is very good.

30. L. Riggs. Jr., K. L. Morrison. and D. A. Brunscll.
“Inhibitor Development tor Titanium Corrosion,” Corrosion -
NACE, Vol 35, No. 8 (August 1979), pp 356-360.

JS(‘o!t\)n.
“Riggs. I, etal

37M. 5. Walker and L. €. Rowe, “The Use of Electrochemical
Techniques tor Corrosion Research in the Automotive Indus-
try,” Electrochemical Technigues jor Corrosion, R. Baboian,
ed. (National Association of Corrosion Fagineers (NACE]|,
1977).
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6. Methods are applicable to service testing in an
evaluation of how changes affect operation conditions.

7. New insights into corrosion mechanisms are
provided.

Electrochemical techniques have been used to study
alloy devefopment, corrosion resistance of metals to
various environments, cotrosion resistance of thin film
coatings on metals, and other corrosion processes,®

For example, the anodic polarization technique
enables measurement of corrosion parameters over
short periods of time. This technique uses a Greene
Cell, in which the sample (working electrode), a coun-
ter electrode, and a reference electrode are immersed in
a liquid corrosive environment. Voltage is applied ex-
ternally between the sample and counter electrodes.
The resulting potential difference between the sample
and a reference electrode is measured with a high im-
pedance potentiostat or electrometer, the current flow-
ing through the counter electrode/working electrode
circuit is also measured. Corrosion data may be ex-
tracted in several ways; for example, by fixing sample
versus reference voltage (potentiostatic) or by fixing
the rate of increase of the sample vs. reference voltage
and measuring the resulting current (potentiodynamic).

3 EXPERIMENTAL PROCEDURE
Samples

CERL obtained platinized titanium anodes and tita-
nium substrate rods 1/2 in. (12.7 mm) in diameter for
testing from the Harco Corporation.* The rods were
machined into samples 0.375 + 0.003 in. (9.525 + .076
mm) in diameter and 0.500 * 0.003 in. (12.7 + 076
mm) in length. Each sample was drilled and tapped to
accept a 3-48-UNC-2A screw at 5/16-in. (7.95-mm)
minimum thread depth and polished to a mirror finish.
Samples for this investigation were obtained from three
rods.

Table 1 lists the nominal compositions of the rods.
Samples from Rods 1, 2, and 3 were comparatively
examined by spectrographic analysis. Rods 1 and 2
were found to be essentially identical, containing only
traces of tin, iron, aluminum, manganese, nickel, chro-

38walker and Rowe.
*Harco Inc., 1055 W. Smith Road, Medinah, OH 44256.
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Table 1
Nominal Composition of Grade 2 Titanium Rods*

Nitrogen 0.03 percent

Carbon 0.10

Hydrogen 0.015

Iron 0.3 max

Oxygen 0.25 max

Others Fach 0.05 percent max (total daes
not exceed 0.3 percent man)

Titanium Remainder

*Supplicd by Harco, Inc,, 1055 Smith Road, Mcdinah,
OH 44256.

mium, and silicon. Both rods qualified as commercially
pure titanium. However, quantitative analysis of Rod
3 revealed high concentrations of aluminum (0.31 per-
cent), iron (0.11 percent), and chromium (0.01 per-
cent).

Each sample was hand polished to a 600-grit surface
finish, and the length and the diameter of each were
measured with a micrometer. Samples were boiled
under benzene for about 10 minutes to remove surface
contaminants and then placed immediately in the
Greenc Cell for testing. Care was taken to avoid con-
taminating samples after degreasing.

Corrosive Environments

Solutions were prepared by adding appropriate
amounts of analytical-grade NaCl to distilled and tap
water. The NaCl content of the solutions ranged from
0.005 to 3.5 percent* total chloride content. Analysis
of Champaign, IL, tap water (Table 2) revealed ap-
proximately S ppm chloride and 40 ppm sulfate ions.
The high sulfate content results from the water soften-
ing process.

A YSI Model 31 Conductivity Bridge was used to
determine solution resistivity at a frequency of 1K Hz.
Figure 4 shows resistivities of distilled and tap water
containing varying amounts of NaCl. The curves shown
in Figure 3 reflect the water’s total chloride content.

*Solution concentrations in this report arc cxpressed as
weight/volume; ie., 1 percent Na(Cl solution contains 1| gr
NaCl/100 mi solution. However, the specific gravity of the
chloride-containing solutions used in this investigation is nearly
unity so that percent weight by volume is synonymous with
percent weight by weight,




Table 2 Corrosion Studies
Chemical Analysis®* of Champaign, IL, Tap Water
A Princeton Applied Research corrosion system

pH o 8.8 10 9.0 units consisting of a Model 175 Universal Programmer, a
Toul Alkalinity 10010120 Tf/L 2 Ca00s Model 173 Potentiostat/Galvanostat with a Model 376
Maa;::sr;um s :g 50 xi w - C:C0: Logarithmic Current Converter Module, and a standard
Hardness 75 to 85 mg/L as CaCO;3 three-electrode Greene Cell was modified for this inves-
Fluoride 0.90 to 1.20 mg/L tigation. The standard system can measure voltages
fron Less than 0.02 mg/L (vs. a reference) only up to about 10 V. Since the
Sodium Less than 40 mg/L

breakdown voltage of passive films formed on titanium

Sulfate Less than 40 mg/L . . . X
Nitrate Less than 2.0 mg/L can be hxg_her than lq v in many corrosive environ-
Chioride Less than 5.0 mg/L ments, equipment modification was necessary.
Total Solids Less than 180 mg/L
Ammonia Less thun 2 mg/L Figure 4 shows a schematic diagram of the platinum
Chlonne Combined residual 2.5 < 0.1 /L. electrode designed and made for this investigation; it
l'urbidity Less than O 31U . .
. . simultaneously served as a counter and as a potentio-
Color ( units X .
Odor O units stat reference clectrode. The clectrode consisted of a
sealed glass tube with 20 ¢m of 10-mil platinum wire
* Analysis supplied by Northern Illinois Water Corporation, extending through it. The wire was wrapped around
Champaign, IL. the circumference of the tube to provide an electrode
11000 -
10000 F
3000 |-
8000 |-
E
S
7 -
3 000
b
7
5000 |
g DISTILLED WATER
= 4000 | g-———
35 | TAP WATER
) \
3000 |- \
2000 |-
1000 |
o L _
0.001 ool ol 10 100

. TOTAL SODIUM CHLORIDE CONTENT {°%)

Figure 3. Resistivity of tap and distilled water solutions used to provide corrosive environments.

16




GLASS TO METAL SEA:

24/40 GROUND GLASS
FITTING

| NiCKEL WiRE

PLATINUM WIRE

1
\
)
1
I

PYREX TuBE \\
\ 1

_//

¥
1
\

T

'

A

wELy

\
3

GLASS TO METAL SEAL

Figure 4. Schematic diagram of platinum electrode.

with a fixed surface area. Within the tube, the platinum
wire was welded to a nickel rod several inches long.
The top of the glass tube was sealed to the rod, leaving
about 1 in. (25.4 mm) of the rod exposed for electrical
connection. A 24/40 ground glass fitting was jointed to
the glass near the top of the tube, allowing for immer-
sion of the electrode to a fixed depth in the cell. The
Greene Cell was filled with a fixed volume of solution
(about 850 ml) for each run. The sample, saturated
calomel electrode (SCLE), and gas bubbler were installed
in the standard fashion, and the remaining port on the
cell was sealed with a closed-top 24/40 ground glass
fitting. Oxygen was used as a purge gas for all experi-
ments and a magnetic stirrer was used to maintain con-
stant solution velocity for all potentiodynamic runs.

Figure 5 is a schematic diagram of the experimental
setup used to obtain potentiodynamic scans for this
investigation. The voltage was applied between the
sample and the platinum electrode. A 10:1 voitage
divider consisting of a 20kS2 and a 100 k<2 resistor was
constructed. The electrometer probe was connected
between the resistors, and the potentiometer ground
lead was connected to the 20kS2 resistor. In this con-
figuration, the potentiometer measured only one-tenth
of the applied voltage, and the resulting rate of applied
voltage increase was ten times the programmed scan
rate. Unless otherwise noted, a programmed scan rate
of 0.1 mV/sec was used for this investigation.

A W
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A DANA Digital Multimeter Model 5900 with an
analog output and an input impedance of 107 (o
10" §2 (depending on scale selection) was used to ex-
ternally measure the voltage at the sample relative to
a saturated calomel electrode. The rate of voltage
(SCE) change varied with the IR drop of the current-
carrying circuit, and voltage (SCE) scan rates deviated
substantially from the expected 3.6 V/hr only at volt-
ages (SCE) above the breakdown voltages of the sam-
ples. Analog outputs from the Logarithmic Current
Converter and DANA Multimeter were provided to the
X and Y axes of a Houston Instruments Omnigraphic
2000 Recorder.

Figure 2 shows a typical titanium potentiodynamic
scan. Applied voltages were ramped at a constant rate;
eventually, the passive layer on the titanium samples
broke down and was shown on the potentiodynamic
scan by a rapid increase in the current. The voltage
(SCE) at which breakdown (ie., the onset of rapid
corrosion during an upward scan) occurred (Egp) was
determined graphically. After breakdown, the applied
voltage was ramped until the corrosion current reached
a level of 1072 A/cm? of sample. At this current level,
the scan direction was reversed to determine the pitting
potential (Eg). The pitting potential was determined
graphically as the voltage where the reverse voltage
(SCE) vs. log current curve crossed the upward ramped
curve (see Figure 2). The breakdown voltages and pit-
ting potentials were tabulated, and plots of Egp and
Eg as a function of NaCl content were prepared.

4 RESULTS AND DISCUSSION

Behavior of Titanium in 3.5 Percent NaCl
in Distilled Water Solutions

Figure 2 shows a potentiodynamic scan obtained for
titanium in a 3.5 percent NaCl in distilled water solu-
tion (solid line). The curve is characterized by current
maxima of 0.17 and 0.58 mA/cm? at about 1.75 and
9.34 V (SCE), respectively. Breakdown of the passive
film occurred at 12.2 V (SCE), and the pitting poten.
tial observed during the reverse scan was 10.3 V (SCE).

Several potentiodynamic scans were obtained for
titanium in 3.5 percent NaCl solutions in distilled
water; Table 3 tabulates the results. Four scans were
conducted at an applied scan rate of 3.6 V/hr, and the
breakdown voltage observed was 11.2 £ 0.96 V (SCE).
Potentiodynamic scans at 5.2 and 1.8 V/hr resulted in
film breakdown at 10.25 and 10.8 V (SCE), respec-
tively. These voltages are within the error reported for
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Table 3
Breakdown Voltages and Pitting Potentials of Titanium Samples
Immersed in 3.5 Percent NaCl in Distilled Water

Applied Voltage
Scan Rate

Run No, (V/hr)
3.6
36
3.6
3.6
5.2
5.2
1.8

oo
NT > b LN -

Runs | through 4: 11.21 V(SCL)

)

ogp - U.96 V (SCE) = K.6 pereent

Runs | through 7:  Egp - 10.90 V (SCE)

ogp ~ 0.80 V (SCE) = 7.4 percent

the 3.6 V/hr scans and represented no trend; thus, it is
apparent that the variation of the applied scan rate
from 1.8 to 5.2 V/hr has no effect on the breakdown
voltage of the samples. Similarly, pitting potentials for
four samples obtained at an applied scan rate of 3.6
V/hr were 99 * 0.54 V (SCE), while pitting potentials
of 9.4 V (SCE) were observed at scan rates of both 1.8
and 5.2 V/hr. Thus, the pit*ing potential and break-
down voltage are insensitive to the scan rates used in
this investigation.

Figure 6 shows consecutive potentiodynamic scans
obtained at an applied scan rate of 5.6 V/hr for a tita-
nium sample immersed in a 3.5 percent NaCl in dis-
tilled water solution (runs 5A and 5B in Table 3). The
corrosion potential was —0.05 V (SCE) at the start of
the first run (solid line in Figure 6). During the scan,
the sample exhibited typical voltage vs. current behav-
jor, as shown by the characteristic current maxima of
0.072 and 0.76 mA/cm? at 1.6 and 9.7 V (SCE). Break-
down of the passive film occurred at 10.5 V (SCE), and
the pitting potential was 9.4 V (SCE). No current max-
ima were observed during the downward scan, and the
current was highest during the upward scan. The down-
ward scan was terminated at zero V applied potential.
The corrosion potential was measured again and found
to be —0.55 V (SCE), 1/2 V lower than during the first
scan. A second anodic scan was then initiated. During
this scan (dotted line in Figure 6), currents at a given
voltage were generally lower than those observed dur-
ing the first scan. The previous current maximum of
1.6 V (SCE) was not observed, and the second current
maximum (previously observed at 9.7 V) appeared to
be displaced to higher voltages. The passive films broke

-
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Breakdown Voltage Pitting Potential
(Volts vs. SCE) (Volts vs. SCE)

12.25 10.3

10.5 9.6

10.3 9.3

11.8 10.4

10.25 9.4

10.4 9.2

10.8 9.4

g 9.9 V(SCT)

og = 0.54 VASCI) - 5.5 peseent

Eg = 9.66 V (SCL)
op = 0.49 V (SCE) = 5.1 percent

down at 104 V (SCE), within 0.15 V of the initial
scan. The pitting potential was 9.2 V (SCE), within
0.2 V of the initial breakdown.

Figure 6 shows that although the breakdown volt-
ages and pitting potentials after breakdown are repro-
ducible, the shapes of subsequent potentiodynamic
scans are not. The current maximum at 1.7 V (SCE)
was not observed during the second potentiodynamic
scan of a pitted and repassivated sample. Furthermore,
the corrosion potential shifted by —0.50 V after the
first scan, and corrosion current levels during the
second scan were generally lower. This suggests that
preferential “leaching” of impurities near the surface
during the first scan may have left behind relatively
pure titanium at the sample’s surface.

The breakdown and passivation potentials were in-
sensitive to the condition of the passivated surface, as
shown by only slight changes (less than 2 percent) in
these values for consecutive potentiodynamic scans on
the same specimen (see Figure 6). However, variations
in these parameters among samples could be as high as
8.6 percent; the reason for this behavior is unclear.

Figures 2 and 6 show that current densities as high
as 0.9 mA/cm? were observed before film breakdown
began. It is not apparent whether these relatively high
current densities are associated with dissolution of
metallic icas from the electrode, an oxygen reaction,
or other processes. A dissolution reaction could be
detrimental to the long-term use of titanium as an
anode material.
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Figure 6. Consecutive potentiodynamic scans of titanium in 3.5 percent NaCl at an applied scan rate of 5.6 V/hr.

There was no evidence of sparking, which could be
expected during dielectric breakdown at relatively high
voltages. The breakdown mechanism appears to be
dominated by electrochemical attack of the film by
aqueous species, specifically the chloride ions.

The breakdown voltages and pitting potentials of
titanium immersed in 3.5 percent NaCl solutions were
within previously reported values.® No preferential
attack was observed near the teflon sample support
where crevicing might be expected to occur. There was
no evidence that crevicing preceded pitting of the sam-
ples; pits appeared to initiate under stagnant bubbles
(oxygen) on the specimen’s surface.

Effect of NaCl in Distilled Water
on Corrosion of Titanium

Figure 2 shows potentiodynamic curves of titanium
39M. A. Warne and P. C. S. Haywood, “Platinized Titanium

Anodes for Use in Cathodic Protection,” Materials Perfor-
mance, Vol 15, No, 3 (March 1976), pp 39-42.
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immersed in distilled water containing 3.5 percent
(solid line) and 0.005 percent (dotted line) NaCl. The
current at a given voltage in the 0.05 percent NaCl
solution was higher than that observed in the 3.5 per-
cent solutions, but this effect appears to be relatively
minor, since the curves shown in Figure 2 exhibit the
same general characteristics.

Figure 7 shows breakdown voltages and pitting
potentials of titanium immersed in distilled water con-
taining varying amounts of NaCl. A plot of solution
resistivity vs. NaCl content is also shown. Table 4 lists
the breakdown voltages, pitting potentials, and solu-
tion resistivities plotted in Figure 7. Data at 3.5 percent
NaClt ar: plotted as an average showing error bars (see
Table 4). Corrosion potentials measured at the begin-
ning of each run varied from —0.2 to 0.5 V (SCE).
The breakdown voltage decreased from 18.2 to 10.90
+ 0.80 V (SCE) for solutions containing from 0.00S to
3.5 percent NaCl., while the pitting potential decreased
from 16.4 to 9.66 + 0.49 V (SCE) for these solutions.
The curves of breakdown voltage and pitting potential
of titanium versus NaCl content exhibited about the
same slopes, and both appeared to be relatively insensi-

S e . -
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Figure 7. Breakdown voltages and pitting potentials of titanium immersed
in distilled water containing varying amounts of NaCl.

tive to the NaCl content at concentrations above 0.5
percent. At low concentrations, the breakdown voltage
and pitting potential increased with decreasing salt
concentration. In very low chloride content solutions,
the maximum working voltage (i.e., pitting potential)
was just over 16 V (SCE). Again, there was no evidence
of dielectric breakdown or crevice corrosion.

Table 4
Breakdown Voltages, Pitting Potentials, and Solution
Resistivities for Titanium Samples in Distilled Water
Solutions Containing Varying Amounts of NaCl

Breakdown Pitting
NaCl Voltage Potential Solution
Content (Volts (Voits Resistivity

(v vs. SCF) va. SCE) (2—-cm)
3.5 10.90 + ¢.80 9.66 + 0.49 -
1.0 10.9 9.6 68
0.5 109 9.7 150
0.1 1.8 10.2 630
0.05 12.6 11.2 1,250
0.025 13.8 11.8 2,350
0.010 15.8 4.2 5,200
0.005 18.2 16.4 10,300
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Potentiodynamic scans of titanium in solutions con-
taining less than 0.005 percent NaCl are not reported.
Resistivities of these solutions exceeded 10,000 2-cm,
and scans in these solutions could not be obtained be-
cause the potentiostat could not apply enough voltage
to the corrosion circuit to break down the passive
films. This occurred because a large part of the applied
voltage was lost in the IR drop of the solution.

Significant IR drops may occur across the high
resistivity solutions. As a result, potentials measured
relative to the SCE may be reduced significantly. This
effect can be estimated. The voltage drop across the
solution (V) may be expressed as:

1
V=px°l [Eq3]

where: p = solution resistivity, { —-cm
1 = distance from specimen to SCE, cm
A =area = | cm?

I = corrosion current (total).
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Currents of about 107 A were observed in high
resistivity solutions {(p = 10000 2-cm) prior to sample
breakdown, and sample-to-SCE distances were about
0.1 cm.

Substituting these values into Eq 1 and solving re-
veals that about a 1-V (SCE) voltage drop across the
electrolyte occurs, significantly reducing the measured
potential (SCE). However, this analysis shows that
breakdown voltages and pitting potentials are at least
as high as those reported® and that IR drops across the
solution did not affect result trends.

Effect of NaCl in Tap Water on Corrosion of Titanium

Figure 8 shows potentiodynamic scans for titanium
immersed in tap water containing 1.0 percent (dotted
line) and 0.1 percent (solid line) NaCl. The corrosion
potentials were 0.2 and —0.2 V (SCE) for the 0.01 per-
cent and 1.0 percent solutions, respectively. The two
curves exhibit the characteristic current maxima pre-
viously observed in the distilled water solutions, but
these maxima were displaced to lower voltages. In the
1.0 percent NaCl solution, the maxima were observed

40R. Baboian, “Platinum Consumption in Cathodic Protec-
tion Anodes,” Materials Performance, Vol 16, No. 3 (March
1977), pp 20-22; M. A. Wurnc and P. C. S. Haywood, “Plati-
nized Titanium Anodes lor Use in Cathodic Protection,”
Materials Performance, Vol 15, No. 3 (March 1976), pp 39-42.
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at 1.2 and 825 V (SCE). while in the 0.01 percent
NaCl solution, maxima occurred at 1.0 and 90 V
(SCE). Breakdown of the passive lilm in the 1.0 per-
cent NaCl solution occurred at 11.0 V (SCE), while
breakdown in the 0.01 percent NaCl solution occurred
at a substantially higher voltage - 29.5 V (SCE). Volt-
age drops across the solution at high current levels
occurred in both samples, although this effect was
more pronounced in the 0.01 percent NaCl solution.
Pitting potentials of 9.5 and 14.8 V (SCE) were ob-
served in the 1.0 and 0.01 percent solutions, respec-
tively. Lowered currents at a given voltage again
occurred after film repassivation.

Figure 9 shows plots of the breakdown voltage and
pitting potential of titanium in tap water containing
varying amounts of NaCl and a plot of solution resis-
tivity vs. NaCl content. Table 5 gives values of the
breakdown voltage, pitting potential, and solution re-
sistivity. It should be noted that the curves shown in
Figure 9 reflect the total chloride content of the water.
Corrosion potentials for titanium in tap water contain-
ing NaCl varied from 0.5 to 0.1 V. Breakdown voltages
decreased from 29.5 to 11.0 V (SCE). and pitting po-
tentials decreased from 14.8 to 9.5 V (SCE) for solu-
tions whose total NaCl content ranged from 0.01 to
1.0 percent.

Potentiodynamic scans for titinium were also ob-
tained for 0.001, 0.0025. and 0.0055 percent NaCl

0.01 % NaC)

10% NaCt
’-—-———-/

________ - —————

CURRENT (mA/&m2)

Figure 8. Potentiodynamic scans of titanium in tap water containing 1.0 and 0.01 percent NaCl.
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Figure 9. Breakdown voltages and pitting potentials of titanium immersed
in tap water solutions containing varying amounts of NaCl.

solutions. The breakdown voitage of passive films
formed on titanium in solutions containing as much
as 0.0055 percent NaCl was more than 80 V (SCE),
and could not be measured with experimental appara-
tus used in this investigation.

The breakdown voltage vs. NaCl content curve (see
Figure 9) rises sharply at NaCl contents below 0.01
percent and the breakdown voltage curve rises much
more steeply with decreasing NaCl content than the
pitting potential curve. The breakdown voltage in-
creased from 11.0 to 29.5 V (SCE) (a 168 percent
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improvement) in solutions having from 1.0 to 0.01
sercent NaCl, while the pitting potential only increased
from 9.5 to 14.8 V (SCE) (a 55 percent improvement)
in these solutions. Although the breakdown voltage is
much higher in low chloride content tap water than
distilled water, it is apparent that pitting potentials
are only slightly improved.

IR drops that reduce the measured voltages in tap
water may be again calculated using Eq 1. In 0.01 per-
cent NaCl in tap water, solution resistivity was about
2500 S2cm, and currents on the order of 1072 A/cm?
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Table 5
Breakdown Voltages, Pitting Potentials, and Solution
Resistivities for Titanium Samples Immersed in Tap
Water Solutions Containing Varying Amounts of NaCl

Breakdown Pitting
NaQl Voltage Potential Solution
Content (Volts (Volts Resistivity
(%) vs. SCE) vs. SCE) ($2—cm)
1 1.0 95 65
0.1 13.4 11.5 510
0.02 250 13.8 1600
0.01 298 14.8 2250
0.005 - 3400
0.002s .- - 3800
0.001 - - 3800
0.00S (tap water) - - - 400

were observed prior to breakdown. Solving Eq 1 gives
a voltage drop of about 0.25 V. Breakdown occurred at
nearly 30 V in 0.01 percent NaCl in tap water, and al-
though the 0.25-V drop was significant, therc was very
little effect on the data trend. Furthermore, actual volt-
ages were again at feast as high as those reported.®

Comparison of Behavior of Titanium
in Tap and Distilied Water

Figure 10 compares the breakdown voltage and
pitting potential for titanium samples in distilled and
tap water containing various amounts of NaCl. At
NaCl contents greater than 0.1 percent, passive films
broke down at about the same voltages in both tap and
distilled water solutions; howc ver, at lower concentra-
tions, breakdown voltages in tap water were substan-
tially higher. This effect may be due to the presence of
inhibitors in the tap water which improved titanium’s
breakdown characteristics. It should be noted that
these observations reflect previously observed repro-
ducibility of results. At 0.01 percent NaCl, the break-
down voltage of titanium in tap water was 13,7 V
(SCE) higher than in distilled water. Pitting potentials
at chloride contents of 0.01 percent and above 0.5
percent were about the same in both distilled and tap
water; at intermediate NaCl contents, the pitting po-
tential in distilled water was slightly lower than in tap
water. (This observation also reflects the previously

41R. Baboian, “Platinum Consumption in Cathodic Protec-
tion Anodes,” Materials Performance, Vol 16, No. 3 (March
1977), pp 20-22;: M. A. Wame and P. (. S. Haywood, “Plati-
nized Titanium Anodes for Use in Cathodic Protection,”
Materials Performance, Vol 15, No. 3 (March 1976), pp 39-42.
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observed accuracy of the results.) These results show
that although inhibitors in tap water substantially
improve breakdown voltages at low chloride concen-
trations, they do not significantly improve the pitting
potentials. Furthermore, the voltage drops across the
solution that lowered the measured potential were
more pronounced in distilled water than in tap water,
particularly at low chloride contents. This observation,
together with recognition of the previously observed
reproducibility of pitting potentials, suggests that there
is little, if any, difference between the pitting poten-
tials of titanium in the distilled and tap water solutions
used in this investigation.

Figure 11 illustrates the dependence of titanium’s
pitting potentials on NaCl content of distilled and tap
water plotted on linear axes. This plot shows that the
repassivation potential increases very rapidly with
decreasing chloride content only at very low NaCl
concentrations; also, at iow chloride concentrations,
small fluctuations in solution chloride content can
greatly change both the breakdown voltage and pitting
potential.

The breakdown voltage begins to increase appreci-
ably at NaCl concentrations below about 0.25 percent,
while pitting potentials improve greatly at NaCl con-
centrations below 0.5 percent in tap water and at 0.25
percent in distilled water.

Visual Observations

Samples changed color during potentiodynamic
scans; colors such as green, blue, purple, and brown
were observed. However. there appeared to be o cor-
relation between colcr and the onset of passive film
breakdown. Breakdown ..as characterized by pit for-
mation under stagnant bubbles either at the surface of
the sample nearest the platinum electrode or at the
bottom of the sample. As cutrent increased, several pits
formed, and gas evolved at the platinum electrode.
After long periods of corrosion, the most severe pitting
occurred at the corners of the samples, and precipitates
of corrosion products were observed in the solution.
Some samples which were exposed for longer periods
of time (more than 2 to 3 hours) showed very severe
pitting and rounding off of corners. These observations
showed that titanium substrates can he damaged exten-
sively in only a few hours if the film breaks down.
Theretore, it is obvious that (o maintain the integrity
of coated titanium anodes, conditions where the film
is unstable, even for a short period of time, should be
avoided.

P .




TOTAL NaC! CONTENT {ppm)

10 100 1000 10000
300 - -r T ™
28.0
26.0
240
22.0
Y 200
(7]
[ 4
>
0
3
> 180 '\
~ Egp DISTILLED
3 :
< \  WATER
E A A'\
E 180 '\ ~
4 \
‘[ \
|
: Epp TAP WATER
f Eg TAP WATER —’(_'»‘\
i- 12.0
E : \6\
| \A N~
* \ ~N ~ — — s o )
iy ~
100 Ep DISTILLED WATER——>%~. ~\—-B
\d— — . .ﬂ
0 1 N 1 } il
0.00¢ 0.0) ol 1.0 10.0
- NoCi CONTENT { %)
Figure 10. Comparison of the breakdown voltages (Eyp ) and pitting
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Figure 11. The dependence of titanium’s pitting potential on NaCl content of distilled and tap water.

Application to Titanium Anodes

The pitting potential is the maximum voltage (ver-
sus a reference) which will insure that titanium will not
pit. regardless of surface condition (j.e., passive or al-
ready pitted); this potential should not be exceeded
when using impressed current anodes. In typical fresh
river waters such as the Ohio River, the chloride con-
tent is only about 30 ppm (0.003 percent), as shown
in Table 6. Both breakdown voltages and pitting poten-
tials of titanium are expected to be much higher than
the 9.17 V (SCE) (worst case) observed in the highest
chloride-containing distilled and tap water solutions.
Titanium can be used as a substrate material for plati-
num or ceramic-coated anodes for impressed current
cathodic protection systems where voltages do not
exceed 9.17 V (SCE). Furthermore, the presence of
other ions in river waters is expected to increase the
breakdown voltage, making pitting less likely. Thus,
titanium substrates may be used for impressed current
cathodic protection systems using platinum or ceramic
coatings.

5 SUMMARY OF RESULTS

The following text summarizes the major results of
this investigation.

The breakdown voltage and pitting potential of tita-
nium in solutions of 3.5 percent NaCl in tap water were
10.90 + 0.80 and 9.66 + 0.49 V (SCE), respectively.

Breakdown voltages varied from 18.2 to 10.90
+ 0.80 V (SCE), and pitting potential varied from 16 .4
to 9.66 + 049 V (SCE) for distilled water solutions
containing from 0.005 to 3.5 percent NaCl. The break-
down voltage of titanium immersed in tap water con-
taining less than 0.005 percent NaCl could not be
measured because the potentiostat could not apply
sufficient voltages to break down the sample.

For tap water solutions containing from 0.01 to 1
percent NaCl, breakdown voltages varied from 29.5 to
11.0 V (SCE), and pitting potentials varied from 14.8
to 9.5 V (SCE). Relatively small improvements in the
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Table 6
Typical Analysis of Major River Waters

Location Date 1SQ;1
River City, State Month/Day/Year mg/L
Alabama Claiborne, AL 9/19/78 8.2
Arkansas Little Rock, AK 9/1/77 35
Arkansas Coolidge, KS 9/26/78 2500
Arkansas Hutchinson, KS 9/6/78 180
Black Warrior Northport, AL 9/25/78 S\
Columbia Dalles, OR 7(26{77 t
Illinois Pekin, 1L 8/23/78 96
Mississippi St. Paul, MN 9/26/77 25
Mississippi Alton, IL 9/13/77 36
Mississippi Vicksburg, MS 9/7/77 54
Missouri Pierce, SD 9/15/78 200
Missouri St. Joseph, MO 9/14/77 97
Monongahela Braddock, PA 3/13/78 200
Ohio Greenup, KY 9/20/78 110
Ohio Markland, KY 9/15/78 90
Red Alexandria, LA 9/8/78 160
Snake Burbank, WA 9/6/78 17
Tennessee Pickwick, TN 9/21/78 14
Tennessee Paducal, KY 4/11/78 14
Tombighec Gainesville, AL 9/13]78 R.S
Fombighee Cotfeeville, Al 9/20/78 39

pitting potential were observed in low NaCl content
tap water solutions, although breakdown voltages im-
proved substantially. Breakdown voltages of samples
immersed in tap water solutions containing up to 0.005
percent NaCl exceeded 80 V (SCE).

IR drops in high resistivity solutions could be as
high as 1 to 2 V, but these voltage drops did not affect
result trends.

The breakdown voltage and pitting potential of tita-
nium in 3.5 percent NaCl in distilled water were insen-
sitive to scan rate (for applied voltage scan rates from
1.8 to 5.6 V/hr) and to previous surface pitting.

General characteristics of potentiodynamic scans for
titanium in both distilled and tap water solutions were
found to be reproducible. Characteristic curtent max-
ima were observed at approximately 1.7 and 94 V
(SCE).

At low chloride concentrations, breakdown voltages
improved substantially in tap water (relative to distilled
water). However, pitting potentials appeared to be the
same in both solutions.

Breakdown voltages in both solutions were substan-
tially improved at only NaCl concentrations below
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Dissolved Hardness Specific
a1 Solids as CaCO; Conductance

mg/L mg/L mg/L umohs pH
74 1 43 133 1.7
86 .- - 545 8.1
220 4420 1700 4450 8.1
920 1990 3400 8.2
5.7 114 64 190 6.5
2.7 81 144 8.0
60 28 700 8.6
12 201 170 343 8.2
12 226 170 400 8.2
26 223 140 420 1.7
9.5 - 210 700 8.8
9.7 282 260 420 1.7
24 341 180 555 6.6
17 290 150 455 74
28 268 160 645 1.9
230 707 260 1260 8.0
8.0 13 66 174 8.1
8.0 90 65 160 6.5
5.9 92 R3 170 7.8
R K1 h P4 (RN 1.7
20 132 22 2583 7.9

0.25 percent. Pitting potentials were substantially
improved below 0.5 percent NaCl in tap water and
below 0.25 percent NaCl in distilled water.

At low NaCl concentrations (below 0.1 percent),
both pitting potentials and breakdown voltages increase
rapidly with decreasing NaCl content. This behavior
suggests that at these NaCl concentrations, a small
increase in NaCl content can substantially reduce both
the pitting potential and breakdown voltage.

Pitting began at a face of the sample (away from cor-
ners) and, even after a few hours, severe pitting which
caused rounding of the comers of the samples had oc-
curred. Samples changed color during potentiodynamic
scans but color could not be associated with the onsct
of breakdown. The breakdown of passive films formed
on titanium appeared to result from an electrochemical
reaction rather than dielectric breakdown, and crevice
corrosion of samples was not observed.

CONCLUSIONS AND
RECOMMENDATIONS

The pitting potential and breakdown potential of
titanium (99 percent pure) increases with decreasing
NaCl content in both distilled and tap water (Chapter 4).
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The pitting potential of titanium (99 percent pure)
in distilled water solutions containing 3.5 percent NaCl
was 9.66 £ 0.49 V, and the breakdown potential was
1090 * 0.80 V with respect to a Saturated Calomel
Electrode (SCE). In tap water, pitting potentials as low
as 9.5 V (SCE) and breakdown voltages as low as
11.0 V (SCE) were observed.

Pitting of titanjum caused extensive damage to sam-
ples after a few hours. As a result, it is recommended
that conditions where titanium anodes may pit be
avoided, even for short periods of time. Operation of
anodes below the pitting potential insures that pitting

Baboian, R., “New Developments in Platinum Type
Anodes,” Materials Performance, Vol 18, No. 1
(January 1978), pp 9-15.

Baboian, R., “Performance of Platinum Anodes in Im-
pressed Current Cathodic Protection,” Proccedings
of the Fourth International Congress on Marine Cor-
rosion and Fouling (June 1976, Antibes, France),
pp 51-56.

oy —————

Baboian, R., “Platinum Consumption in Cathodic Pro-
tection Anodes,” Materials Performance, Vol 16,
No. 3 (March 1977), pp 20-22.

Beck. T. R., “A Review: Pitting Attack of Titanium
Alloys.” Procecdings of the International Confer-
ence on Localized Corrosion (6-10 December 1971,
Williamsburg, VA, NACE-3), pp 644-653.

Beck, T. R., “Pitting of Titanium [, Titanium-Foil Ex-
periments,” J. Electrochem. Soc: Electrochemical
Science and Technology, Vol 120, No. 10 (October
1973), pp 1310-1316.

Beck. T. R.. “Pitting of Titanium 11, One-Dimensional
Pit Experiments.” J. Electrochem. Suvc: Flectro-
chemical Science and Technology, Vol 120, No. 10
(October 1973), pp 1317-1324,

Cerquetti, A., F. Mazza, and M. Vigano, “Crevice
Corrosion of Titanium in Contact with PTFE and
Properties of the Surface Oxide Films,” Proceed-
ings of the Intermational Conference on localized
Corrosion (6-10 December 1971, Williamsburg, VA,
NACE-3), pp 661-668.

will not occur, regardless ol whether the suiface s
passive or pitted.

The chloride content of freshwater rivers is usually
very low; for example, the Ohio River contains only
0.003 percent chloride, and both breakdown voltages
and pitting potentials will be much higher than those
observed in waters containing higher chloride concen-
trations.

It is recommended that impressed current anodes
using titanjum substrates be used to protect hydraulic
structures and that the operating potential of such
anodes not exceed 9.17 V (SCE) (the worst case pitting
potential).
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